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<S) A polymerizable composition comprises a polymeric precursor selected from the group consisting of 1) at 
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ENERGY-INDUCED CURABLE COMPOSITIONS 



Field of the Invention 

This invention relates to an energy-polymerizable composition comprising an ethylenicallyunsaturated 
monomer an epoxy monomer, or polyurethane precursors, and as curing agent a combination of an 
organometailic compound and an oxidizing agent and a method therefor, in another aspect, cured articles 
comprising the composition of the invention are disclosed. The compositions are useful, for example, as 
protective coatings, binders for magnetic media or abrasives, adhesives, and in graphic arts applications. 



Background Of The Invention 

Various polymeric coatings and articles are produced in processes involving the use of organic 
solvents. There is an intense effort by law makers, researchers, and industry to promote high and 100% 
solids formulations to reduce or eliminate the use of such solvents and the attendent costs and environmen- 
tal contamination. These processes require a latent catalyst or latent reaction promoter which can be 
activated in a controlled fashion. 

Thermal curing of polyurethane precursors using reaction promoters such as tin salts and ter- 
tiaryamines is known in the art. Curing of polymerizable mixture of polyisocyanates with polyols (referred to 
as polyurethane precursors) using thermally latent catalysts is known in the art (see for example U. S. 
Patent Nos. 4,521 ,545. and 4,582.861 ). 

Photocuring of urethane (meth)acrylates is well known (see T. A. Speckhard, K.K.S. Hwang. S.B. Lin. 
S.Y. Tsay, M. Koshiba, Y.S. Ding, S.L Cooper J. AppL Polymer Science . 1985, 30. 647-666, C. Bluestein 
Polym.-Plast Technol. Eng. 1981. 17 83-93). Photocuring of polyurethane precursors using diazonium salts, 
tertiary amine precursors, and organotin compounds is also known (see U.S. Patent Nos. 4,544.466, 
4,549,945, and EP 28,696, Derwent abstract). All of these methods suffer from one or more of the following 
disadvantages: sensitivity to oxygen, requirement of ultraviolet and/or high intensity light, the need for 
modified resins, loss or dilution of urethane properties, low activity, poor solubility, and poor potlife. 

The prior art discloses processes for the polymerization of epoxy materials. It is further known that a 
metallocene, such as ferrocene, can be used as a curing accelerator for epoxy materials (U.S. Patent No. 
3,705.129). U.S. Patent Nos. 3,709.861. 3,714.006, 3,867.354 and 4,237,242 relate to the use of transition 
metal complexes in the reaction between polyepoxides and polyfunctional curing additives, but they do not 
teach the polymerization of epoxide group-containing compositions not containing a curing additive. The 
polymerization of epoxide group-containing materials is also known. Among such processes are those in 
which the polymerization catalyst is a radiation-sensitive onium salt of a Lewis acid (e.g. diazonium salts as 
is described in U.S. Patent No. 3.794,576 and U.S. Patent No. 4.080,274; halonium salts as is disclosed in 
U.S. Patent No. 4,026,705; and the onium salts of Group VIA elements, particularly the sulfonium salts, as 
are disclosed in U.S. Patent No. 4,058,400), or a dicarbonyl chelate compound of a Group IIIA-VA element 
as is disclosed in U.S. Patent No. 4,086.091. These compositions are limited to ultraviolet radiation for 
polymerization. Furthermore, the dicarbonyl chelates are moisture sensitive. 

U.S. Patent No. 4,216,288 teaches the thermal curing of cationally polymerizable compositions using 
onium salts and reducing agents. 

Energy polymerizable compositions comprising ionic salts of organometailic complex cations and 
cationically sensitive materials and the curing thereof has been taught (see European Patent Nos. 109,851, 
1984; 094,914, 1983 Derwent abstract; and 094,915. 1983, Derwent abstract). 

Neutral organometailic compounds have been used in combination with neutral halogenated compounds 
for the photocuring of ethylenically-unsaturated monomers. (G, Smets, Pure G. Appl. Chem.. 53,611,615 
(1981); H.M. Wagner, M.D. Purbrick. J. Photograph Science, 29, 230-235 (1981). 

The use of certain photosensitizers with onium salts for initiation of polymerization of ethylenically- 
unsaturated monomers is also well known in the art This technique has found applications in printing, 
duplicati n. copying, and other imaging systems (se J. Kosar in Light Sensitiv Systems: Chemistry and 
Application of Nonsilver Halide Photographic Processes, Wiley, New York, 1965, pp 158-193). Aryliodonium 
salts hav been previously described for use as photoinitiators in addition-polymerizable compositions. (See 
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U.S. Patent Nos. 3,729,313, 3.741,769. 3,808,006, 4,228,232, 4,250,053 and 4,428,807; H. J. Timpe and H. 
Baumann, Wiss £ Tech. Hochsch. Leuna-Merseburg, 26, 439 (1984); H. Baumann, B. Strehmel, H.J. Timpe 
and U. Lammel, J. Prakt Chem., 326 (3), 415 (1984); and H. Baumann, U. Oertel and H.J, Timpe, Euro. 
Polym. J., 22 (4), 313 {April 3, 1986). 

5 

- Summary of the Invention 

Briefly, the present invention provides an energy polymerizable composition comprising 1) at least one 
to ethylenically-unsaturated monomer, or 2) at least one epoxy monomer, or 3) polyurethane precursors, and 
as curing agent a combination of a organometallic compound and an onium salt The compositions are 
useful as protective and decorative coatings, inks, adhesives, in restorative and sealant applications, and in 
imaging applications. 

; What is not taught in the prior art, but what is taught in this invention, is the use of organometallic 

/ 75 compounds in combination with onium salts for the photo- and electron beam-induced curing of 

ethylenically-unsaturated monomers, epoxy monomers or polyurethane precursors, and the thermal curing 
of ethylenically-unsaturated monomers or polyurethane precursors. 

Advantages of compositions of the present invention when utilized in 100% reactive coating composi- 
tions include: 

no 

An industrial process innovation is disclosed that will reduce, minimize, or eliminate the generation of 
industrial solvent waste while reducing energy consumption. 

Radiation processing, particularly utilizing electron beam and photogenerated catalysts, has potential 
capability for penetrating and polymerizing thick and pigmented coatings. 
26 More readily available monomers can be used in place of functionalized oligomers (used in the prior art) 
thereby resulting in lower viscosity monomer solutions which are easier to coat than more viscous 
oligomer solutions. 

Expanding the scope of curable monomers to include polyisocyanates/polyols and epoxides allows 
increased flexibility in designing coatings with specific properties. 

30 

In this application: 

"energy-induced curing " means curing by means of electromagnetic radiation (ultraviolet and visible) 
accelerated particles (including electron beam), and thermal (infrared and heat) means; 
"ethylenically-unsaturated monomer" means those monomers that polymerize by a free-radical mechanism; 
35 "catalytically-effective amount" means a quantity sufficient to effect polymerization of the curable composi- 
tion to a polymerized product at least to a degree to cause an increase in the viscosity of the composition; 
"organometallic compound" means a chemical substance in which at least one carbon atom of an organic 
group is bonded to a metal atom ("Basic Inorganic Chemistry", FA Cotton, G. Wilkinson, Wiley, New York, 
1976, p497); 

40 "polyurethane precursors" means a mixture of one or more monomers of the type including diisocyanates 
and polyisocyanates, and one or more monomers of the type including diols and polyols. Compounds 
bearing at least two isocyanate-reactive hydrogen atoms may be substituted for diols and polyols; the ratio 
of isocyanate groups to isocyanate-reactive hydrogen atoms is 1:2 to 2:1; 

"bridging ligand" means a ligand that bonds to two or more metals in the presence or absence of metal- 
45 metal bonds; 

"polyisocyanate" means an aliphatic or aromatic isocyanate having 2 or more isocyanate groups; 
r "polyol" means an aliphatic or aromatic compound containing 2 or more hydroxyl groups; and 

"onium salt" means salts of cationic compounds such as diazonium, halonium, and hypervalent Group VIA 
elements. 

~ so 



Detailed Disclosure of the Invention 



The present invention provides, in a pr ferred emobidment, a photopolymerizable composition compris- 
55 ing at least one ethylenically-unsaturated monomer, or at least on epoxy monomer, or polyurethan 
precursors, and a bicomponent curing agent therefore, and in a second embodiment a thermally poly- 
merizable composition comprising at least one ethyl nically-unsaturated monomer or polyur thane pr cur- 
sors and a bicomponent curing agent th refor, the curing agent in all cases comprising 
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1) an organometallic compound having the structure 
L'LVM 

wherein 

L 1 represents none or 1 to 12 ligands contributing pi-electrons that can be the same or different selected 
5 from substituted and unsubstituted acyclic and cyclic unsaturated compounds and groups and substituted 
and unsubstituted carbocyclic aromatic and heterocyclic aromatic compounds, each capable of contributing 
2 to 24 pi-electrons to the valence shell of M; 

L 2 represents none, or 1 to 24 ligands that can be the same or different contributing an even number of 
sigma-electrons selected from mono-, di-. and tri-dentate ligands, each donating 2, 4. or 6 sigma-electrons 
to to the valence shell of M; 

L 3 represents none, 1 to 12 ligands that can be the same or different, each contributing no more than one 
sigma-electron each to the valence shell of each M; 

M represents 1 to 4 of the same or different metal atoms selected from the elements of Periodic Groups 
IVB.VB. VIB f VIIB, and VIIIB (commonly referred to as transition metals); 
15 with the proviso that said organometallic compounds contains at least one of a metal-metal sigma bond and 
L 3 ; and with the proviso that L\ L 2 , L 3 , and M are chosen so as to achieve a stable configuration; and 

2) an onium salt oxidizing agent having the structure: 
AX II 

wherein 

20 A is an organic cation selected from those described in U.S. Patent Nos. 3.708.296, 3,729.313. 3.741,769, 
3.794.576. 3.808.006. 4.026.705. 4,058,401, 4,069.055. 4,101,513. 4,216,288, 4,394,403, and 4,623.676. 
preferably selected from diazonium. iodonium. and suifonium cations, more preferably A is selected from 
diphenyliodonium, triphenylsulfonium and phenylthiophenyl diphenylsutfonium; and 
X is an anion, the counterion of the onium salts including those in which X is an organic sulfonate, or 

25 halogenated metal or metalloid, such as are CH 3 S0 3 ~ CF 3 S0 3 - CsH 5 S0 3 ". p-toluenesulfonate, p- 
chlorobenzenesulfonate and related isomers and the like, and those in which X has the formula DZr, 
wherein D is a metal from Groups IB to VIIIB or a metal or metalloid from Groups IIIA to VA of the Periodic 
Chart of Elements, Z is a halogen atom, and r is an integer having a value of 1 to 6. Preferably, the metals 
are copper, zinc, titanium, vanadium, chromium, manganese, iron, cobalt, or nickel and the metalloids 

30 prefereably are boron, aluminum, antimony, tin. arsenic, and phosphorous. Preferably, the halogen, Z, is 
chlorine or fluorine. Illustrative of suitable anions are BF*~, PF6~ AsFg", SbFs" FeCU". SnCIs". SbFs~ 
AIF 5 -\ GaCU~. InF*-. TiF 6 ", etc. Preferably, the anions are CV 3 S0 3 ". BF*", PF e ~ SbF 6 ~\ SbF 5 OH-. 
AsF 6 -, and SbCfc". The curing agent can be present in the range of 0.1 to 20. preferably 0.1 to 10 weight 
percent of the total composition. The ratio of organometallic compound to onium salt is in the range of 10:1 

35 to 1:10 by weight preferably 5:1 to 1:5 by weight. 

The present invention also provides a process for the polymerization of ethylenically-unsaturated 
monomers, or epoxy monomers, or polyurethane precursors comprising the steps of: 

(a) providing at least one ethylenically-unsaturated monomers, or at least one epoxy compound, or 
polyurethane precursors, 

40 (b) adding to said compound a combination of a catalytically effective amount of a curing agent 

comprising an organometallic compound and an onium salt (and all permutations of the order of mixing the 
aforementioned components), thereby forming a polymerizable mixture, and 

(c) allowing the mixture to polymerize or adding energy to the mixture to affect polymerization. 
In a further aspect, there is also provided a method for preparing coated articles containing the cured 
45 composition of the invention comprising the steps of: 

(a) providing a substrate, 

(b) coating an energy polymerizable mixture as described above onto at least one surface of said 
substrate by methods known in the art, such as bar, knife, reverse roll, knurled roll, or spin coatings, or by 
dipping, spraying, brushing, and the like, with or without a coating solvent, and 

50 (c) applying energy (after evaportion of solvent if present) to the article to cause the polymerization of 

the coating. 

In a still further aspect, there are also provided shaped articles comprising the polymerizable mixture of 
the invention. The articles can be provided, for example, by techniques such as molding, injection molding, 
casting, and extrusion. Applying energy to the mixture causes polymerization and provides the cured 
55 shaped article. 

It may be desirable to add solvent to solubilize components and aid in processing. Solvent, preferably 
organic solvent, in an amount up to 99 weight percent, but preferably in the range of 0 to 90 weight percent, 
most pr ferably in the range of 0 to 75 weight percent, of the polymerizable composition can b used. 
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There are restrictions on the total sum of electrons donated by the ligands, L . LMJ of «^ ' "J 
the valence electrons possessed by the m tal. For most organometallic compounds not "volvrng in- 
tramolecular metal-metal bonding, this sum is governed by the "eighteen electron rule" [see ±Jgm. Bfe 
S 8 1 (1969)1. This rule is sometimes called the "nin orbital rule", "the «J£ 
Tare oas rule". This rule states that the most stable organometallic compounds tend to be those 
compounds in which the sum of the electrons donated by the ligands and the metal is eighteen. Those 
sklHe Tthe art. however, know that there are exceptions to this rule and that organometallic compounds 
haTg a sum o 16. 17. 19. and 20 electrons are also known. Therefore, organometallic compounds not 
induding intLolecular metal-metal bonding are described by formula I. in which complexed metals having 
a ^ 17, 18. 19. or 20 electrons In the v^ence shell are included within the scope of the 

lnVe ^ n compounds described in formula I in which intramolecular metal-metal bonding ^»>» 
departure from the "eighteen electron rule" can occur. It has been proposed [J. Amer. Chem. Soc m 
ZlTiimri that the departure from the "eighteen electron rule" in these transition metal compounds ,s 
due * rineS-mL interactions destabilizing the me* p orbitals to an extent to cause ft« Ijbj 
unavailable for ligand bonding. Hence, rather than count electrons around ° a ' h ^ 
rluster cluster valence electrons (CVE) are counted. A dinuclear compound is seen to have 34 CVEs. a 
C^s, and a teiranuclear compound having tetrahedron, butterfly, and squre planar 
S^TSsn to have 60, 62, or 64 CVEs, respectively. Those skilled in the art, however know that 
*ere are exceptions to this electron counting method and that organometallic cluster compounds ; having a 
Turn 0M2 44 46. 50 CVEs for a trinuclear compound and 58 CVEs for a tetranuclear compound are atoo 
know. Therefore, di. tri, or tetranuclear organometallic compounds are described * 
complexed metal cluster, MM, MMM, or MMMM has a total sum of 34; 42. 44 46. 48 50, or 58, 60. 62. 64 
CVEs in the valence shell, respectively, and are Included within the scope of this invention. 

Illustrative examples of organometallic compounds according to formula I include: 
[CpFe(CO)2l2 
Mn 2 (CO)io 
[CpMo(CO) 3 ]2 
[CpW(CO) 3 ]2 
30 Re 2 (CO)io 
Co*(CO)i2 
Co 2 (CO) 8 
CpFe(CO)2SnPh3 
CpFe{COhGePh3 
35 [CpFe(CO) 2 feSnPh 2 
CpMo(CO) 3 SnPh 3 
(CO)sMnSnPh 3 
[(CO) 5 Mn] 2 SnPh 2 
CpFe(CO) 2 PbPh 3 
40 (CO) 5 MnPbPh 3 
(CO) s ReSnPh 3 
CpPtMe 3 
CpW(CO) 3 Me 
Cp(CO) 3 W-Mo(CO) 3 Cp 
45 Cp(CO) 3 Mo-Mn(CO)s 
Cp(CO) 3 Mo-Re(CO) 5 
(CO)sMn-Fe(CO) 2 Cp 
Cp(CO) 3 W-Mn(CO)s 
Cp(CO) 3 W-Re(CO) 5 
so Cp(CO) 3 Mo-Co(CO)* 
Cp(CO) 3 W-Co(COH 
Cp(CO) 3 Mo-Fe(CO) 2 Cp 
Cp(C0) 3 W-Fe(CO) 2 Cp 
[CpMo(CO) 2 PPh 3 ] 2 
55 Mn 2 (CO) 9 PPh 3 
Mn 2 (CO) 8 (PPh 3 ) 2 
(CO) 5 Mn-Re(CO)s 
[CpFe(CO) 2 USi 
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Mn 2 (CO)8<1 ,10-phenanthroline) 

Re 2 (CO) 8 (1 ,10-phenanthroline) 

Re2(C0)a <2,2 # -biquinoline) 

Fe 3 {CO)i 2 

Ru 3 (CO)i 2 

Os 3 (CO)i 2 

Ru 3 (CO)nPPh 3 

Ru 3 (CO)i 0 (Ph 2 P-CH 2 CH 2 -PPh 2 ) 

Fe 2 Ru(C0)i 2 

lr*(CO) 12 

[CpNi(CO)k 

CpFe(CO) 2 CH 2 Ph 

CpFe(CO) 2 (COPh) 

CpFe(CO) 2 {SiPh 3 ) 

[Cp- Fe(CO) 2 ]2 

Cp(CO) 2 Fe-Fe(CO)(PPh 3 )Cp 

(MeCp)PtMe 3 

(Me 3 SiCp)PtMe 3 

Cp(CO) 3 Mo-Mo(CO) 2 (PPh 3 )Cp 

wherein 

Me is methyl 

Ph is phenyl 

Cp is eta 5 -cyciopentadienyl 

Cp" is eta 5 -pentamethyicyclopentadienyl 

A wide variety of monomers can be energy polymerized using the curing agent of the invention. 
Suitable compounds containing at least one ethylenically-unsaturated double bond, can be monomers 
and/or oligomers such as (meth)acrylates, (meth)acrylamides. and vinyl compounds, and are capable of 
undergoing addition polymerization. Such monomers include mono-, di-, or polyacrylates and methacrylates 
such as methyl acrylate, methyl methacrylate. ethyl acryate. isopropyl methacrylate. n-hexyl acrylate, 
stearyl acrylate, allyl acrylate, glycerol diacrylate, glycerol triacrylate. ethyleneglyco! diacrylate. 
diethyieneglycol diacrylate, triethyleneglycol dimethacrylate. 1 ,3-propanediol diacrylate, 1 ,3-propanediol 
dimethacrylate, trimethylolpropane triacrylate, 1 ,2,4-butanetriol trimethylacryiate. 1,4-cyclohexanediol dia- 
crylate, pentaerythritol triacrylate, pentaerythritol tetraacrylate, pentaerythritol tetramethacrylate, sorbitol 
hexacrylate, bis[1-(2-acryloxy)hp-ethoxyphenyl-dimethylmethane, bis[1h(3-acryloxy-2-hydroxy)]-p- 
propoxyphenyl-dimethylmethane, tris-hydroxyethylisocyanurate trimethacrylate; the bis-acrylates and bis- 
methacrylates of polyethylene glycols of molecular weight 200-500, copolymerizable mixtures of acrylated 
monomers such as those of U.S. Patent No. 4,652274, and acrylated oligomers such as those of U.S. 
Patent No. 4,642,126; unsaturated amides such as acrylamide, methylene bis-acrylamide, methylene bis- 
methacrylamide, 1 ,6-hexamethylene bis-acrylamide, diethylene triamine tris-acrylamide and beta- 
methacrylaminoethyl methacrylate; and vinyl compounds such as styrene, divinylbenzene diallyl phthalate, 
divinyl succinate, divinyl adipate, divinyl phthalate, and vinyl azlactones as disclosed in U.S. Patent NO. 
4,304,705. Mixtures of two or more monomers can be used if desired. 

The polyisocyanate component of the polyurethane precursors that can be cured or polymerized in the 
dual curing systems of the present invention may be any aliphatic, cycloaliphatic, araliphatic, aromatic, or 
heterocyclic polyisocyanate, or any combination of such polyisocyanates. Particularly suitable 
polyisocyanates correspond to the formula 

Q(NCO) p III 

in which p is an integer 2 to 4, and Q represents an aliphatic hydrocarbon dh trh or tetra-radical containing 
from 2 to 100 carbon atoms, and zero to 50 heteroatoms, a cycloaliphatic hydrocarbon radical containing 
from 4 to 100 carbon atoms and zero to 50 heteroatoms, an aromatic hydrocarbon radical or heterocyclic 
aromatic radical containing from 5 to 15 carbon atoms and zero to 10 heteroatoms, or an araliphatic 
hydrocarbon radical containing from 8 to 100 carbon atoms and zero to 50 heteroatoms. The heteroatoms 
that can be present in Q include non-peroxidic oxygen, sulfur, non-amino nitrogen, halogen, silicon, and 
non-phosphino phosphorus. 

Examples of polyisocyanates are as follows: ethylene diisocyanate. 1 ,4-tetramethylene diisocyanate. 
1 ,6-hexamethylene diisocyanate, trimethyl hexamethylene diisocyanate, 1,12-dodecane diisocyanate. 
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containing two isocyanate-reacuve groups. metnane-4,4',4"- 

According to the present invention, it is also possible for exampe. to use p y 
triisocyanate polypheny, polymethylene polyisocyanates ^^^^^XSS^ 
848.671. m- and p-isocyanatophenyi sulphonyl ™^ 8 J%S 9 * "&JTL£im*M No. 

described, for example inU.S. Patent no. 4wn» * _ 2 .004.048. polyisocyanates containing 

1027.394 and German Offenlegungsschrift Nos. 1.929.034 ™ *™ ' H * flrinUS patent Nos. 
lane groups of the type described for exampje. in , Belgian Patent No. 52^ « * "J^^ 
3,394.164 and 3.644.457. polyisocyanates ^^J^^^ 1 S!^>iM example, in U.S. Patent 

containing ester groups of the type described, fo W^IlSS^od^ of the above^entioned 

U.S. Patent No. 3.567.763 and in German ^^,231^88. ^ P^ 
diisocyanates with acetals according to German Patent 1 ,072,385 and polyisocyanates 

M LX»^^^^ >h ^^^ *^ , ^r?i^» n ° l 01 ii1 ' n8,, ' , '° l pK " >a,, 

rtc-toMPi. P***W»» and polyMer ^ "^"^^^pAmers of these 

m pages 44 to 54 sod V* II. 1964. pages M «d K " " ™ ,„ use 
„ T*L osses. It Is p^Hy advent to oodtblo. lo«£* ^ W-** 
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compounds preferably containing hydroxy! groups and generally containing from about 2 k 8 preferably 
from about 2 to 4 isocyanate-reactive hydrogen atoms. It is also possible to use natures of different 
compounds containing at least two isocyanate-reactive hydrogen atoms and haying a molecular weight ,n 
me range of from about 50 to 400. Examples of such compounds are ethylene glycol 1.2- and 1 3- 
s propyfene giycot 1.4- and 2,3-buty.ene glycol. 1.5-pentane diol. 1.6-hexane diol. 1.8-octane d,ol. neopenty. 
gvcol, 1.4-bis-hydroxymethyl cyclohexane. 2-methyM .3-propane diol. dibromobutene dio U.S. Patent No. 
37S 392). glycerol, trimethylolpropane, 1 ,2.6-hexanetriol, trimethylolethane. p entaerythntoL qurn^ mn- 
ntol. sorbitol, diethylene glycol. Methylene glycol, tetraethylene glycol, higher polyethylene glycols. 
dipTopylene glycol, higher polypropylene glycols, dibutylene glycol, higher polybutylene glycols. 4.4- 
ro dihydroxy diphenyl propane and dihydroxy methyl hydroquinone. 

Other polyols suitable for the purposes of the present invention are the mixtures of hydroxy aldehydes 
and hydroxy ketones ("formose") or the polyhydric alcohols obtained therefrom by reduction ( formitol ) 
which are formed in the autocondensation of formaldehyde hydrate in the presence of metal compounds as 
catalysts and compounds capable of enediot formation as co-catalysts (German Offenlegungsschnft Nos. 
2639 084 2 714084. 2.714.104. 2.721.186. 2.738.154 and 2.738.512). Solutions of polyisocyanate polyad- 
dition' products, particularly solutions of polyurethane ureas containing ionic groups and/or solutions 0 
ShySrazodicarLamides. in low molecular weight polyhydric alcohols may also be used as the polyol 
comoonent in accordance with the present invention (German Offenlegungsschnft No. 2.638,759). 

Many other compounds containing isocyanate-reactive hydrogen atoms and polyisocyanates are useful 
in the present invention, and are obvious to those skilled in the art of polyurethane science and technology 

Epoxy compounds that can be cured or polymerized in the dual systems by the curing agents erf this 
invention using the latter in a catalytically effective amount, are those to. own^ to undergo » cationic 
polymerization and include 1.2-. 1.3-. and 1.4-cyclic ethers (also designated as 1.2-. 1.3-. and 1 .4-epox.des). 

' ^ieTdic e^eTsThicffcToe polymerized in accordance with this invention '"c'^ 0 ^^"^ 
in "Ring-Opening Polymerizations ». Vol. 2. by Frisch and Reegan. Marcel Dekker. Inc. (1969). Surtabte 1 2- 
cyclic ethers are the monomeric and polymeric types of epoxides. They can be al.phatic cycloaliphabc. 
aromatic, or heterocyclic and will typically have an epoxy equivalency of from 1 to 6. preferably I to 3. 
Particularly useful are the aliphatic, cycloaliphatic. and glycidyl ether type 1.2-epox.des sudi i as propylene 
30 oxide, epichlorohydrin, styrene oxide, vinylcyclohexene oxide, cyclohexeneoxide. vmyteyclohexene d.ox.de^ 
olvcidol butadiene oxide, glycidyl methacrylate. diglycidyl ether of bisphenol A, 3.4- 
epoxycyclohexylmethyl-3.4-epoxycyclohexanecarboxylate. 3.4-epoxy-6-methylcyclohexylmethyl-3.4.epoxy- 
6-methy.cyclohexanecarboxylate. bis(3.4^pox y -6-methylcyclohexylmethyl)adipate. ^^"^^ 
ide. epoxidized polybutadiene. 1.4-butanediol diglycidyl ether, poiyglycidyl ether of phenolformaldehyde 
resole or novolak resin, resorcinol diglycidyl ether, and epoxy silicones. e.g.. d.methyls.loxanes having 

"T^XTc^l 1 ^ are avaliable and listed in "Handbook of Epoxy Resins" by 
Lee and Neville. McGraw Hill Book Company. New York (1967) and in "Epoxy Resin Technology by P. F. 
Bruins. John Wiley & Sons. New York (1968). Representative of the 1.3- and 1.4-cyclic ethers which can be 
polymerized in accordance with this invention are oxetane, 3.3-bis(chloromethyl)oxetane. and 

tetr 7Scufer. cyclic ethers which are readily available include propylene oxide, oxetane. epichlorohydrin. 
tetrahydrofuran. styrene oxide, cyclohexeneoxide. vinylcyclohexene oxide, glycidol. glyceryl ^mac'ylate. 
octylene oxide, phenyl glycidyl ether. 1,2-butane oxide, diglycidyl ether of bisphenol A (e.g.. Epon 828 

« and DER 331 ), vinylcyclohexene dioxide (e.g.. "ERL-4206). 3.4^poxycyclohexylmethy.-^pox- 
ycyclohexanecarboxylate (e.g.. "ERL-4221 "), S.^epoxy-o-methyicyclohexylmethyl 3.4-epoxy-6-me*yl- 
cvdohexanecarboxylate (e.g.."ERL-4201 "). bis(3,4-epoxy-6-methylcyclohexylmethyl)adipate (e.g.. ERL- 
STSSc eixy modified with polypropylene glycol (e.g.. "ERL-4050" and "ERL-4052"). dipentene 
dioxide (eg.. "ERL-4269"). epoxidized polybutadiene (e.g.. "Oxiron 2001"). silicone epoxy (e.g.. Syl-Kem 

so 90") 1.4-butanediol diglycidyl ether (e.g.. AraldKe RD-2). poiyglycidyl ether of phenolformaldehyde novolak 
tea "DER-431" "Epi-Rez 521" and "DER-438"). resorcinol diglycidyl ether (e.g.. "Kopoxite ), polyglycol 
dieooxide (e.g., "DER 736"). polyacrylate epoxide (e.g.. "Epocryl U-14"). urethane modified epoxide (e.g.. 
"QX3599"). polyfunctional flexible epoxides (e.g.. "Flexibilizer 151"). and mixtures thereof as well as 
mixtures thereof with co-curatives, curing agents, or hardeners which also are well known <se Lee and 

55 Neville and Bruins, supra). Representative of the co-curatives of hardeners which can be used are acid 
anhydrides such as nadic methyl anhydride, cyclopentanetetracarboxylic dianhydride. pyromellitic anhy- 
dride cis-U-cyctohexanedicarboxylic anhydride, and mixtures thereof. 

As noted above, the organometallic compounds useful in combination with onium salts to prov.d th 
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curing agents useful in the invention have th formula 
VL?L 3 M, I. 

s Lioands L' to are w II known in the art of transition metal organometalllc compounds. 

Ligand L 1 of general formula I is provided by, any, monomeric or polymeric compound paving an 
acceSiW unsaturated group, i.e.. an ethylenic, .6=6- group; acetylenic -CaC- Q™*™^ 
aroup which has accessible pi-electrons regardless of the total molecular we,ght of the compound. By 
S5, it is meant that L compound (or precursor compound from which the access,b.e compound 
w is prepared) bearing the unsaturated group is soluble in a reaction medium, such as an alcohol e.g., 
LZo a ketone; e.g.. methyl ethyl ketone; an ester, e.g.. amyl acetate; a halocarbon. e.g tnch- 
SSene: Talkane. eig.. decalin; an aromatic hydrocarbon, e.g.. anisole; an ether, e* 
Sror that he compound is divisible into very fine particles of high surface area so that Jeuns^urated 
gfoup (nc.ud.ng aromatic group) is sufficiently close to a metal atom to form a P?^ 
J6 unsaturated group and the metal atom. By polymeric compound, is meant as explained below, that the 
liaand can be a group on a polymeric chain. u «.i— i AM fh*« 

illustrative of ligand V are the linear and cyclic ethylenic and acetylenic compounds haying less than 
100 carbon atoms, preferably having less than 60 carbon atoms, and from zero to 10 hetero atoms selected 
frcmTSet sulfur, non-peroxidic oxygen, phosphorous, arsenic, selenium, boron. ^mony^Hunum. 
Sc^n germanium, and tin. such as. for example, ethylene, acetylene, propylene. 
outene 2-butene. diacetylene. butadiene. 1 .2-dimethylacetylene. cyclobutene, pentene, cyclopentene ,hex- 
ene cyclohexene. 1 ,3-cyclohexadiene. cyclopentadiene. 1.4^clohexadlene. cycloheptene. 1-octene. 4- 
^ T^^-^Lne. and 1-decene; eta'-allyl. eta'-pentenyl. norbornadiene, eta^cyclohexad-eny . 
cySohep^riene. cyclooctatetraene, and substituted and unsubstituted carbocyclic and he^*j- 
omTcXands having up to 25 rings and up to 100 carbon atoms and up to 10 hetero atoms selected ^ from 
Sen. sulfur, non-peroxidic oxygen, phosphorous, arsenic, selenium. »J x "^ 
germanium, and tin. such as, for example, eta^-cyclopentadienyl. benzene. 

Zene. naphthalene, anthracene, chrysene. pyrene. eta'-cycloheptatrienyl. tnphenylmethane para- 
cSSLZ l.^iphenylbutane. eta*-pyrrole. eta^-thiophene. etaMuran. pyridine. 9™™^*'^ 

30 dC benzopyran. thiochrome. benzoxazine. indole, acridine. carbazole triphenytene. *taw« arsaten- 
zene stlbabenzene. 2.4.6-triphenylphosphabenzene. eta^-selenophene. d.ben Z ostannepine eta'-teh 
^SJ^M^ selenanthrene. phenoxaphosphine. phenelzine. phenateHurazma e^^hy - 
cyclopenJenyl. eta^-pentamethylcyclopentadienyl. and 1-phenylborabenzene. Other suitable aromatic 
compounds can be found by consulting any of many chemical handbooks. 

3S As mentioned before, the ligand can be a unit of a polymer, for example, the phenyl group n 
polygene po^styrene^c-butadene). poly(styrene«o-methy. methacrylate). po.y(a ip a- 
po lyvfrVylcarbLle. and polymethylphenylsiloxane; the cyclopentadiene group in poly(v.nylcvclopentodiene) 
CpySSoup in poly(vinylpyridine). etc. Polymers having a weight average molecular weight up to 
TSo or Zrl ? can be used J is preferable that 5 to 50 percent of the unsaturated or aromatic groups 

An nresent in the oolvmer be complexed with metallic cations. 

^££££u can be substituted by groups that do not interfere with the complexmg of the ligand with 
the metal atom or which do not reduce the solubility of the ligand to the exte 30 
metaTatom does not take place. Examples of substituting groups, all of which preferably have less than 30 
Son atoms and up to 10 hetero atoms selected from nitrogen, sulfur, non-perox.dic oxygen phosphorus 

< 5 aSSic Senium, antimony, tellurium, silicon, germanium, tin. and boron, include hydrocarbyl groups such 
aTmemyl. ethyl, butyl, dodecyl. tetracosanyl. phenyl, benzyl, ally., benzyhdene. ethenyl. and efrynyl 
Tyd^loxy groups such as methoxy. butoxy. and phenoxy; hydrocarbylmercapto groups such as 
methylmercapto (thiomethoxy). phenylmercapto (thiophenoxy); hydrocarby oxycarbonyl such ,as methox- 
yibonyl ano phenoxycarbonyl; hydrocarby Icarbony. such as formyl. acetyl, and benzyl; M'ocarbylcar- 
so bonyloxy such as acetoxy. benzoxy. and cyclohexanecarbonyloxy; W r ^^™™ d °;J *:* " 
etemido benzamido; azo. boryl; halo. e.g.. chloro. iodo. bromo. and fluoro: hydroxy: cyano; nitro n.troso 
o7lethy a m ino diphenyfphosphino. diphenylarsino; diphenylstibine; trimethylgermyl; 
methylseleno: ethyltelluro; and trimethylsiloxy; condensed rings such as benzo. cyclopenta; naphtho. 

55 '"TacrSgand^' in formula I is provided by monodentate and potentate compounds preferably 
contain ng up to about 30 carbon atoms and up to 10 hetero atoms s .acted from mtroger. suKur non- 
Sroxidic oxygen, phosphorous, arsenic, selenium, antimony, and tellurium, where ^J^J°?» 
metel atom, following loss of zero. one. or two hydrogens, the polydentate compounds preferably forming 
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with the metal. M. a 4-, 5-, or 6-membered saturated or unsaturated ring. Examples of suitable monodentate 
compounds o groups are oarbon monoxide, carbon sulfide, carbon selenide. carbon tellunde. alcohols such 
S etSanol bulnof and phenol; nitrosonium (i.e.. NO*); compounds of Group VA elements such as 
^nia phSine. Wmethylamine. «rimethy.phosphine. tripheny.amine, triphenylphosphme. tnpheny ar- 
SrSphenylsSbine. tributylphosphite. isonitriles such as phenylisonitrile. butyi.son.tr.le: carb ne groups 
suS as emo^methylcarbene dithiomethoxycarbene; alkylidenes such as methylene, ethy dene; suable 
po*d nt tVSmpTunds or groups include 1 ^bis(dipheny«phos P hino»ethane. i 

bisfdiphenylphosphino)methane. ethylenediamine. propy.ened.am.ne ^yienetnamme 1.3- 
diisocyanopropane. and hydridotripyrrazolyborate; the hydroxycarboxyhc acds such as ghrcohc acd. lacftc 
add sS c acid polyhydric phenols such as catechol and 2.2 -dihydroxybiphenyl; hydroxyammes such 
To^lT^^ne. and 2-aminophenol; dithiocarbamates 
Sbenzyldithiocarbamate; xanthates such as ethyl xanthate, phenyl xanthate: the dtfnolenes such as b.s- 
Su^meLlhU-dithiolene; aminocarboxylic acids such as alanine, glycine and o-am.nobenzo.c acd; 
SSSSSSm as oxatemide. biuret; diketones such as 2.4-pentanedione: hydroxyketones such as 2- 
SZetophenone; alpha-hydroxyoximes such as salicyialdoxime; ketox,mes such as benz. ox,me; and 
&££?J* as dimetnylglyoxime. Other suitable groups are the inorganic groups such a* for example. 
CN- SON" F~ OH" . Or. Br. I", and H~ and the organic groups such as. for example, acetoxy. 
formyloxy. benzoyloxy. etc. As mentioned before, the ligand can be a unit of a polymer, for example he 
STSv ^ pol^ethyleneamine); the phosphino. group in poly(4.vinylpheny.d.phenyphosph 1 ne); the 
Soxyllc acid group n poly(acrylic acid); and the isonitrile group in poly(4.vinylphenyhson.tr.le). 

Sbiriigands L3 in formula I include any group having in its structure an atom wth an unshared 
electon Suitable groups can contain any number of carbon atoms and hetero atoms but preferably conta.n 
Ss Tan 30Tarto 9 n atoms and up to 10 hetero atoms selected from nitrogen, sulfur, oxygea -PM**"* 
areenic selenium, antimony, tellurium, silicon, germanium, tin. and boron. Examples of such groups are 
SS^SUW- suoh as methyl, ethyl, propyl, hexyi. dodecyl, pheny.. tolyl. etc , , ^nsatorated hydrocar- 
brar^os such as vinyl, eta'-allyl. eta'-butenyl. eta'-cyclohexenyl; the hydrocarbyl denvat.ves of a Group 
fJ A Sert such as trLttylgenmnyl, triphenylstannyl, and trimethylsilyl. triphenyllead. etc, and organ.c 
g^psTuch as forn^yl. acetyl, propion'yl. acryioyl. octadecoyl. benzoyl, to.uenesu.fony.. oxa.y.. malony.. o- 

^S'suitable as L* is any group having In its structure two. three, or four unshared ele^w* the 
proviso that only one electron is shared per metal M. Examples of such groups are CH 2 , S.Me J . S.Ph 2 . 
SnPh? GePh2. SiMe. SiPh. SnPh. Si, and Sn. 

M can be any element from the Periodic Groups IVB. VB. V1B. V1IB. and VIIIB. such as. for exampie. Ti, 
Zr Hf V Nb. Ta, Cr, Mo. W, Mn. Tc, Re, Fe. Ru. Os, Co. Rh, Ir. Ni, Pd and Pt. 

' In general, radiation-induced polymerization of ethylenicallyunsaturated monomers, epoxy monomer 
or polyurethane precursors with latent curing agents comprising an organometall.c compound and an on urn 
sLf can be Snied out at room temperature for the majority of energy curable compos.t.ons although ow 
emp^tu re Te.g.. -10* C) or elevated temperature (e.g.. 30 to 200* C. preferably 50 to 150 C) can be used 
to subdue the exotherm of polymerization or to accelerate the polymerization, respect .vely. Jemperatore of 
40 polymerization and amount of catalyst will vary and be dependent on the particular curable oomporton 
used and the desired application of the polymerized or cured product The amount of cunng agent to be 
used in this invention should be sufficient to effect polymerization of the monomers or P recu ^ 
catalytically-effective amount) under the desired use conditions. Such amount generally wll be m the range 
of about 0.1 to 20 weight percent, and preferably 0.1 to 10.0 weight percent based on the we.ght of curable 

45 ^Whi'tenot wishing to be bound by theory, we propose that when specified organometallic compounds 
are irradiated in the presence of suitable oxidizing agents such as onium salts, .ntermed.ate compounds are 
produced which can affect the curing of epoxides, polyurethane precursors, and v.nyl monomers. It .s 
Seved that the transition metal-transition metal or metal-l* sigma bond cleaves homolyt.ca.ly upon 
photolysis. Evidence for this homolytic cleavage is provided for some organometalhc comopund s sue* as 
[cpFeW and Mn 2 (CO),o and involves the abstraction of C. from CCU subsequent tc ^ photolysis 
Geoffroy and Wrighton, "Organometallic Photochemistry" Academ.c Press. NY (1979) Chap 2 and 8. 
faSly p 138.) 9 .n other cases spectroscopic data provides such evidence. (0. Hacketoerg, A Wojock, 
Inoro Chim Acta. 1980. 44, L63; R. G. Severson, A. Wojcicki J. Organomet. Chem. 1978.157. 173). The 
p7ofe<s)7< mFbond hofSolysis then r acts with th oxidizing agent. By this process, the ^cat*yt.c spec.es 
for the polymerization of either the polyurethane precursors or epoxy monomers .s denved from he 
organometallic compound, and. simultaneously the free radical initiator for the polymeria toon of th 
e hyl ntoally unsaturated monomers is derived from the oxidizing agent In the lim.t. cleavage of the s.gma 
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bond by one photon can ultimately lead to the production of two organometalhc-denved spec, ***** 
Z ^icaMnLors. It should be noted that competing or secondary photoprocesses • ^« *™«» 
oTa carbonyl ligand. can occur. Such processes however, occur in such a manner as to such an extent that 
VSSSS^ species and initiator are still produced so as to fleet curing of the 

Solents, pr frably organic, can be used to assist in dissolution of the cunng agent kv "J 
unse ated monomer, the polyurethane precursors, or the epoxy monomers, and a a proce ssmg a.d. 
R^e^tive o° lven ; s Jude acetone, methyl ethyl ketone, cyciopentanone metty. «*»*. > acefcte 
memylene chloride, nitromethane. methyl formate, acetonitrile. gamma-butyrolactone. and J^'^thox 
yetne (glyme). In some applications, it may be advantageous to adsorb .the cunng agent onto an ,nert 
support such as silica, alumina, clays, etc.. as deseribed in U.S. Patent No. 4,677 137. 

P For *ose compositions of the invention which are radiation-sensitive. i.e.. ^ 
ethylenically-unsaturated monomers, epoxy monomers, or polyurethane ^^^"^Zl" 
a combination of an organometallic compound of Formula I and an onium salt of Formula I . any source of 
Son SclSi elecL beam radiation and radiation sources emitting active radiation .n the ultray-olet 
S HS£ egion 9 of the spectrum (e.g.. about 200 to 800 nm) can be used. Suitable sources ; o rad-aton 
fnclude mercury vapor discharge lamps, carbon arcs, tungsten lamps, xenon lamps fcsers. unhght ^ 
The retired aLunt of exposure to effect polymerization is dependent upon such factors as the identity 
and 2S2J5?3 the organometallic compound and onium saft. the particuiar ethylen^ly grated 
monomer polyurethane precursors, or epoxy monomers, the thickness <* ^<^ MW ' ** ° f 
substrate intensity of the radiation source and amount of heat associated with the radiation 
8 T1S* using direct heating or infrared eiectromagnetic radiation, as is known in the art 
can^e uTed to cure ethylenically-unsaturated or polyurethane precursors according to the teachings of this 

' nV Tls n within the scope of this invention to include two-stage polymerization (curing), by first activating 
curing agent by irradiating the curable compositions and subsequently thermally cunng tt« lactivated 
orecursS so obtained, the irradiation temperature being below the temperature employed for the subse- 
S heat-curing These activated precursors may normal.y be cured ^r^Z^l^Z SZ 
52 lower than those required for the direct thermal curing, with an advantage ,n the range torn 5<T to 
iTo'C TOs two-stage curing also makes it possible to control the polymerization ,n a particularly simple 

30 ^CaTs'hTiU Pigments, abrasive granu.es. stabilizer, iight stabiiizers, ftow 
agents bodying agents, flatting agents, colorant, inert filler, binder, blowmg agents £££££ 
StocTdersurfactant, plasticizers. and other additives as known to those skilled in the art can be added to 
nmpos"o^is P invention. These can be added in an amount effective for their ^ Purpose. 

36 Compositions of this invention are useful for coatings, foams, shaped articles. adhes,ves ffflec lor 
JS composites, abrasives, caulking and sealing compound, C ^J"^ 
potting and encapsulated compounds, impregnating and coating compounds, and other applications which 

" SSST-^SS?-^ be applied, preferabiy as a liquid, to a ^-"-J* 

exoosed may be washed with a solvent to remove the unpolymenzed portions whje having the 

ThoSlySzec! insoluble portions in place. Thus, compositions of this invention may be used in the 
« SSSTof articles useful in the graphic arts such as printing plates and printed «^^» * 

producing printing plates and printed circuits from photopolymerizing composes are well known in the art 

(see for example British Patent Specification No. 1.495,746). . th 

Objects id advantages of this invention are further illustrated by the followmg examples but the 

particuKaterials and amounts thereof recited in these example, as well as other 
60 should not be construed to unduly limit this invention. In the examples, all parts are parts by weight unless 

fndicied otherwise. All examples were prepared in ambient atmosphere (presence of oxygen and water) 

unless indicated otherwise. In the examples: 



Me ■ methyl 
Ph = phenyl 
55 Cp = cyclophentadienyl 
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The organometallic compounds. [CpFe(COhb. Mn 2 (CO)„, Re 2 (CO)„ and [CpMo.CObk were ob- 
t^nJd torn SeTsure Chemical Company and used without further punfication. The other compounds were 
^^T^^^mc synthetic technique, The procedure used will be i.iustrated for the 

*TiZSi?S£3^ P^uced by reducing 3.0g of [CpFe,CO) 2 ] 2 with Ml, of sodium and 
OSO^T rnzophenone in 200 mL of freshly distilled tetrahydrofuran under an atmosphere °^on. The 
Son was aLed to proceed for about 24 hours by which time the starting matenai had all been 
ZZ£ Tate anion as indicated by infrared spectroscopy (IR). To the solution of the anion was ; added 
uTe^rgon. 6.5 g of CISnPh 3 as a solid. The reaction was stirred until the anion was consumed as shown 
bv IR Z reaction vessel was opened to air and the solvent removed under reduced pressure. The solid 
iSe was tTen u^ Vn methylene chloride and passed down a short silica gel column. Crystals were 
S ed Ty TZZ *e methylene chloride under reduced pressure and adding heptane. The product 
^idenSed by IR nuclear magnetic resonance spectroscopy (NMR), elemental analys.s and melting 
point In a similar manner all the other materials in Table I were prepared. 
These compounds are used In subsequent examples. 

TABLE I 



30 



Characterization of Compounds 


Elemental Analysis (Report/Calculated) 


Compound 


%C 


%H 


Melting 
Point* C 


CpFe(CO) 2 SnPh 3 
CpFe(CO) 2 GePh 3 

CpFe(CO) 2 PbPh 3 [CpFefCO^kSnPhz 
(CO) 5 MnSnPh3 

(CO) 5 MnPbPh 3 [(COsMnkSnPha 
(CO)sReSnPh 3 CpMoSnPh 3 


57.0/57.0 
62.3/62.4 
49.7/49.8 
51.0/50.7 
39.9/39.8 
52.6/52.5 


3.8/3.8 
4.2'4.2 
3.3/3.2 
2.8/2.8 
1.6/1.5 
3.4/3.4 


135-136 
159-160 
146-149 
146-149 
138-139 
213-214 
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EXAMPLE 2 

Several organometallic compounds were prepared according to ,ite J^ u ^^ 
oreoared accordinq to the method of T.S. Piper. G. Wilkinson. Inorg. Nud. Chem.. 1956. 3104-124. [opw 
L rSed according to the method of R. Birdwhiste.— HadStt. A R Manning. J. C^anomJ 
Chem 1978 157 239. CpFe(CO) 2 SiPh3 was prepared according to the method of Q. Cerveau E. Co omer. 
S^niv w¥ Douglas J Organomet. Chem., 1977. 135. 373. 386. The method of J- War. A. 
Wo,cST J Amer Chem. Soa . 1966. 88. 4 862^as used toprepare CpFe(CO) 2 (CH 2 Ph) and that of R. B 
K'b^S§™^ Chem.. 1964. 2. 15-37. to prepare CpFe(CO) 2 (COPh). The preparation , of 
C P RMe3 has been d-e scLd in U.S. Pat ent. No. 4.600.484. These compounds are used ,n subsequent 
examples. 

EXAMPLE 3 



55 



This example illustrates the use of an organometallic compound containing a ^ transition H^WMta 
metal sinole bond in the curing agent to photocatalyze the formation of polyurethane. A stock solution of 

11 20 g polyethylene glycol, m. wt. 400 (CarbowaxTM 400. Union Carbide. Danbury. CT) was pnv^r* To a 
solution of 0.01 g [CpFeWk and 0.02 g Ph 2 l* PF S " in 0.1 g gamma-butyrolactone was added 1.25 g of 
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minutes. 

EXAMPLE 4 



mmnound containing a transition metal-carbon 

•ft* K»d in tM alng agent » £2SS»Si con-bil «d addsd » «. 



time. 

EXAMPLE 5 



25 



30 



onium salt as curing agent. qa mma-butyrolactone. 0.83 g DesmodurTM 

A mixture of 10 mg ICpFefCOfcfc. 30 mg Ph*! Pfc , a lg gamma y = jn 
W (4.4^hyler«bis(cyc.ohexylisocyan^ f^ 1 ' 9 ^ Both samples 

J. one ha» was bubbled with N. tor ^^^^^^ ,amp, filtered through Pyrex 
r,T«ffiC- A — — . This demonstrates that in the 
presence of onium salt curing occurs with or without 02 present. 
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lodonium and Sulfonium Salts 


Organometallic 


Cure time. 


minutes 


compound 








Ph 2 r PFs" 


Ph 3 S 






PF 6 - 


[CO(CO)i] 2 


6.0 


>100 


[CpFe(CO) 2 ] 2 


9.0 


20-25 


[Mn(CO) 5 ] 2 


12-20 


7-12 


[Re(CO)s] 2 


20-40 


20-40 . 


C04(C0)12 


40-55 


55-66 


[CpMo(CO) 3 ]2 


55-67 


60-66 


Fe 2 (CO) 9 


about 60 
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This orovides further examples of bicomponent curing agents wherein organometallic compounds 
rJ^J^aS^^B which are effective in the curing agent for polyurethane precursors. A 
STJS To SSL was prepared by mixing 23.1 g Desmodur W and 32* g Carbowax 
So and shaking well before use. Samples were prepared by dissolving 10 mg catalyst and 20 mg 
—phosphate (.fused) in 0.2 ,8AM 0 -» *»^Z£TJZ 
dark, and samples were then irradiated under a Hanovia Quartz Utility Lamp. "^^SeT aS 
\L i„ , cached ca 50* C within 10 min. The time to a viscocrty increase is noted in Table ill. ana 

- ure ZV^^^^^ » ^ ** * W0UW n ? T« ^ CUre " ^ 
when, within 30 min irradiation, the sample became more viscous but would st.II flow. 

TABLE III 
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Curing of Urethane Precursors 




Cure Rates, min 


Viscosity 
increase 


Cured 


CpPtMe 3 

CpPtMea + iodonium 
CpW(CO) 3 Me 
CpW(CO)aMe + iodonium 
[(PMe 2 Ph) 2 PtMe3(acetone)] + PF G " a 
[CpFefCOfefe + iodonium 3 


7 
7 
30 
30 
13 
9 


30 
30 
partial 
partial 
partial 
30 



a included for purposes of comparison 



50 The data show curing occurs with or without iodonium salts. In some cases, adventitious oxygen can 
pJi aStSkToSg agent. However, the use of onium salts is prefrred since it is much eaaer to 
control the organometallic/oxidizing agent ratio. 
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EXAMPLE 8 

This example describes th use of th curing agent containing an organometallic compound containing 
a transition metal-carbon bond to cure epoxies. Each sample was prepared by dissolving 10 mg catalyst 
and 20 mg diphenyliodonium hexafluorophosphate (if used) in 0.2 g CH 2 CI 2 . 2.0 g cyclohexene oxid was 
added in the dark, and samples were then irradiated under a Hanovia Quartz Utility lamp. Initial formation of 
polymer was tested by placing a few drops of the sample in about 2 ml methanol. Formation of precipitate 
indicated that polymer had formed. Further polymerization resulted in a viscocity increase in the sample. 
Results are indicated in Table IV. 

TABLE IV 



1S 
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Curing Agent 


Precipitate 
formed, min. 


Viscosity 
increased min. 


CpPtMe3 

CpPtMe 3 + iodonium 
CpW(CO) 3 Me + iodonium 
(PMe 2 Ph) 2 PtMe 3 (acetone)+ PF G " a 
[CpFe(CO) 2 ]2 + iodonium 


no cure 
3.5 
. 3 
2 
2 


no cure 
30 
30 

no further cure 
30 



a included for purposes of comparison. 
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Examples of the ability of curing agent containing transition metal-transition metal bonded and M-L 
type organometallic compounds and onium salt to photolnftiate the cure of epoxies are provided here. The 
tests were carried out in the following manner: Into a glass vial were weighed out 0.10g of the desired 
organometallic compound and/or 0.20g diphenyliodonium hexafluorophosphate (3M Company, ^oyste^ed 
from acetone/isopropanol). Then, the following operations were carried out under subdued light 0 3c , of 
gamma-butyrolactone. 2.0g cyclohexene oxide (Aldrich Chemical Company, disced), S.0g of 3.4- 
epoxycyclohexylmethyl-3.4^poxycyclohexane carboxylate (ERL-4221. Union Carbide Company) were ad- 
ded to prepare the coating solution. The solutions were coated onto 76 micrometers (3 mil) polyv.nyl.dene 
chloride subbed polyester (3M Company) using a #22 wire wound rod. The sample coatings were exposed 
in air to a 275 watt Q.E. sunlamp at a distance of 10cm. The time to "set to cotton" is recorded in Table V. 
that is the time needed to cure the coating so that when it is touched with a cotton ball, it leaves no > smear 
or picks up no cotton threads. This test establishes the time required to cure the coating. Under the 
conditions of this test, the diphenyliodonium hexafluorophosphate alone requires greater than 10 mm to 
cure. 
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TABLE V 



10 



15 



Photoinitiation of Epoxy Cure 



Hnmnound Cure W 




No Onium 
Salt Added 


Onium Salt 
Added 


[CpFe(CO) 2 ]2 
CpFe(CO) 2 SnPh 3 
CpFe(CO)2GePh3 
[CpF8(CO)2] 2 SnPh 2 

Mn 2 {CO)to 

(CO)sMnSnPh 3 

[(CO)sMn]2SnPh 2 

Ra 2 (CO)io 
CpMo(CO) 3 SnPh 3 


>10 
>10 
>10 
>10 
>10 
>10 
1 
8 


1 

5 

5 

3 

1 

4 

3 

1.5 
4 



a time in minutes to cure. 



20 



EXAMPLE 10 



25 



30 



35 



done as 100% solids, except as noted. ^ mrtftlin ri with/without 0.04 g of the iodonium 

In a small vial was placed 0.02 g of ^^^^^^^Z^ with N 2 for 60 

Alternatively, the compositions can be cured thermally. 
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TABLE VI 



Photoinitiated Cure Times of Epoxy and 
Acrylate Compositions 8 


Catalyst System 


Epoxy 


Acrylate 


[CpFe(CO)2b 
[CpFe(CO) 2 ]2 /iodonium 
Mn2(CO)io 
Mn 2 (CO)io /iodonium 
Re2(CO)io 

Re2(CO)io /iodonium 
C02(CO) 8 

Co2(CO)s/iodonium 

C04(CO)12 

Co*(CO)i 2 /iodonium d 
iodonium 


*b.ann 
60 
>900 
200 
>900 
200 
b 
c 
b 

>900 
>900 


>600 
30 
>600 
45 
360 
60 
b 

200 
b 

80 
>300 



a Cure time In seconds, 
b Not done. 

c Reacted in the dark upon mixing. 

d 10% by wt gamma-butyrolactone added. 



25 

EXAMPLE 11 



This example demonstrates the ability of transition metal-transition metal bonded and M-L type 
30 omJZLSwSi to photoinitiate the core of ethylenically-unsaturated compounds in the Presence 
SStoll. The tests were carried out in the following manner: Into a glass vial were we.ghed out 
u oST^oetired organometaiiic compound and/or 0.10g diphenyliodonium 

™ £J ^ rired^o produce a nontacky cured coating was recorded. Under the cond,tons of this test, the 
40 diphenyliodonium hexafluorophosphate alone requires greater than 15 mm to cure. 
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TABLE VII 



a time in seconds to cure, 
b saturated solution, <0.01g dissolved. 





durina of Ethvlenically Unsaturated Monomers 


5 


Organometallic 
Compound 


Cure Time 3 






No Onium 
Salt Added 


Onium Salt 
Added 


10 
15 


[CpFe(CO) 2 ] 2 

CpFe(CO)2SnPh3 

CpFe(CO)2GePh3 

[CpFe(CO) 2 ]2SnPh2 

Mn 2 (CO)io 

(CO)sMnSnPh 3 

[(CO)sMn] 2 SnPh 2 

Re 2 (CO)io 

[CpMo(CO)3fc b 

CpMo(CO) 3 SnPh 3 


>600 
>600 
>600 
>600 
>600 
300 
60 
120 
>600 
>600 


15 
120 
120 
60 
<15 
300 
30 
60 
30 
240 
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EXAMPLE 12 



30 



35 



Purther exa.np.es of »e cunng of ^ — ~J J^StSE 
tetraacrylate in 225g ecetonitrile) or epoxy ^ono^ (cyc^exene ox.de) are p um hex . 

composition consisted of 0.01g of the ««J2^!LS-£ to eZUnonw. fUght sources 
afluorophosphate or these same amounts of both compminds added to m ^ ^ a ^ 

used were for UV exposure, about ™™J?"£^£SZf* polymerization was detected by 
Carousel Projector or the projector w,th a 440 Inm fitter. The i« J y mer from a ^ 

solution gelation for the acrylate and for the *y^ P ~ 2 minut e 8 before and continu- 
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TABLE VIII 



70 



75 



20 



Photoinitiated Cure Times of Epoxy ana 
Acrylate Compositions 8 


Curing Agent I 


Epoxy j 


Acrylate 


[CpFe(CO) 2 ] 2 


90 b 


^.3005 

>5 b 


[CpFetCOhkfodonium 0 


90 d 
>180 b 


<5 d 
>300 b 


Mn 2 (CO)to 


>180 b 


>300« 

<10 b 


Mn 2 (CO)io/iodonium° 


>180 e 


<10 a 



a cure times givou m 

Itself under these same conditions. 

d 440 nm filter used with the projector. 

e Blacklite used as the light source, ca 360 nm. 
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EXAMPLE 13 



srtK sr sm^^w - - — racorded in Tab,e * 

35 Cmil"l compositions can be cured thermeiiy. 

TABLE IX 



40 



50 



Curina of Ethylenically Unsaturated Monomers 


Compound 
and 

Ph 2 l*PF&- 


Conditions l 


Cure Time 


[CpFe^Ohfe 

Mn 2 (CO)10 

[CpMo(CO) 3 ] 2 

[Re(CO)sb 

C04(CO)^ 2 

Co 2 (CO)s 


irrad. 
irrad. 
irrad. 
irrad. 
irrad. 
Dark 


30 sec, slow dark reaction 
30 sec, no dark reaction 
45 sec, no dark reaction 
8 min, no dark reaction 
Minutes, slow dark reaction 
Cures during deoxygenation 



55 



EXAMPLE 14 



19 



EP 0 306 161 A2 



diphenyliodonium hexafluorophosphate (if used) in 0.2 g gamma-butyrolactone. 2.0 g methyl acrylate 
(distilled to remove inhibitors) was added in the dark and nitrogen was bubbled through the sampl for 2 
rnin to remove oxygen. Samples were then irradiated in front of a Kodak Carousel Proj ctor contam.ng a 
360 nm cutoff filter. If no curing occurred in 15 min. the sample was then irradiated for 15 mm under a 
s Hanovia Quartz Utility lamp. In Table X. "cure time" refers to the time required for a sample to sohdify. 
Alternatively, these examples can be cured thermally. 

TABLE X 



Curing of Vinyl Ethylenically-Unsaturated 
Monomer 


Curing Agent 


Cure time, min 


CpPtMea 

CpPtMes + iodonium 
CpW(CO) 3 Me 
CpW(CO)3Me + iodonium 
[CpFefCOhb + iodonium 3 


15 (Hanovia) 
6 (Kodak) 
no cure 
3.5 

0.5 (dark cure) 



a Included for purposes of comparison 



EXAMPLE 15 



25 



This example describes the use of [CpW(CO) 3 fc to cure polyurethane precursors, epox.es or 
ethylenically unsaturated monomers. Each sample contained 0.01 g [CpW(CO) 3 ] 2 and 0.02 g 
diphenyliodonium hexafluorophosphate (if used) in 0.25 g gamma-butyrolactone. to wh.ch was added 2.0 g 
? of precursor or monomer in a vial. Irradiation was then performed with a Kodak Carousel Projector (9 inches 
away) modified with a 360 nm filter. With a urethane precursor stock solution (prepared as in Example 4). 
in the presence or absence of onium salt, partial curing to produce a clear solution, occurred in 2 hour 
irradiation time. Upon standing in room light for 24 hours, an increase in viscosity occurred. 

When cyclohexeneoxide was used, and the curing agent consisted of [CpW(CO) 3 ] 2 onium an salt. 
35 vigorous, exothermic curing occurred within 3 min of irradiation. 

When methyl acrylate was used as monomer, no curing occurred in the absence of onium salt wrai 
onium salt present, the sample became viscous within 4 min and solid within 8 min of irradiation time. 
Alternatively, the compositions can be cured thermally. 



EXAMPLE 16 



so 



To demonstrate the utility of the curing agent for curing of polyurethane precursors, epoxies and vinyl 
monomers for the case where the organometallic compound contains a single bond between a transition 
metal and a Group IV element the following samples were prepared. In a vial. 0.01 g of organometallic 
compound. 0.02 g of diphenyliodonium hexafluorophosphate (if used, as indicated below), and 0.25 g of 
gamma-butyrolactone were gently agitated until dissolution of the organometallic compound was complete. 
20 g of polyurethane precursor or monomer was added in reduced light, the vial was capped, and the 
sample irradiated in front of a Kodak Carousel projector fitted with a 360 nm cutoff filler at a distance of nine 
inches, and at room temperature (about 25* C). Particular details and any experimental vanations are 
indicated in Table XI. 
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TABLE XI 

Cure Times: Photoinitiated Curing of Polyur ethane 
Precursors. Epoxies and vinyl M onomers with Transition Metal 

Group IVA Compounds 



10 



Curing agent 



20 



25 



d 



[CpFe<CO) 2 l2 
[CpFe(CO) 2 ] 2 /iodonium M 
CpFe(CO) 2 (CH,PCh) 
CpFe ( CO ) 2 ( CH Ph ) / iodon ium 
CpFe(C0) 2 (C0Ph) 
CpFe ( CO ) 2 ( COPh ) / iodo i num 
CpFe(CO) 2 (SiPh 3 ) 
CpFe ( CO ) 2 ( SiPh 3 )/iodonium 
CpFe(CO) 2 (GePh 3 ) 
CpFe(CO) 2 (GEPh 3 )/iodonium 
CpFe(CO) 2 (SnPh 3 ) 
CpFe ( CO ) 2 ( SnPh 3 ) /iodon ium 
ao CpFe(CO) 2 (PbPh 3 ) 

CpFe ( CO ) 2 ( PbPh 3 ) / iodon ium 



Urethane 


a 


Epoxy b 


Vinyl 0 


120 rain 


(W) e 


f 


no cure 


60 min 


(W) 


30 sec 


1.8 min 


40 min 


(V) 


f 


no cure 


40 min 


(V) 


12 min 


23 min 


120 min 


(V) e 


f 


no cure 


120 min 


(V) e 


5 min 


48 hr g 


45 min 


(V) h 


f 


no cure 


45 min 


(V) h 


5 min 


48 hr 9 


36 min 


(V) h 


f 


no cure 


36 min 


(V) h 


2.75 min 


no cure 


36 min 


(S) h 


f 


no cure 


36 min 


(V) h 


2 min 


no cure 


45 min 


(S) h 


f 


no cure 


33 min 


(W) h 


no cure 


no cure 
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Polyurethene precursors ars .» > •«*-^ t ^ f 
. t . n# 23 1 a of Desmodur W and 32.6 g ot 

in pe^theses o t extent ot cure, where V . viscous. W 

s very viscous, S = solid. 1=< . 4rt „ 
„onomer is cyclones oxide, purified by drst n. 
Cure time is defined es the time necessary to observe 
formation of precipitate when one drop of sample 
Placed in 2 mL of methanol. 

Monomer is methyl ecrylate. purified prior to use by 
als tlllation under reduced pressure. Mter monomer 
addition but before irradiation, samples »ere 
deoxygenated by bubbling a etream of nitrogen gas 
through the solution for 2 min, with cere bexng taken 
^ prevent any light from reaching the 
oxygenation. Cure is defined by an increase in 
solution viscosity or a sudden exotherm indicating 
rapid polymerisation (also accompanied by a sudden 
increase in viscosity). 
. included for purposes of comparison to data » other 

.. efmtn' irradiation with Carousel Projector, followed by 
60 minutes of irradiation in room (fluorescent) light. 
This particular combination was not tested. 
I minute, irrediation with Kodak projector, following 
by 30 minutes irradiation under a Hanovl. Ouartz 
utility Lamp (6 inches from bulb), followed by sample 
storage/irradiation In room (fluorescent) light. 
h irradiation with Hanovia Quarts Utility Lamp (15 cm 
Jrom bulb) in place of the Kodak Projector. 

EXAMPLE 17 (comparative) 
This — • - J- ffi-"" M 



f . 



22 



EP 0 306 161 A2 



- 01 Nro/OH = 1.0, w ight % iron dirtier ■ 0.5 o/ o. 
PR- Mole ratios for iodonium salt/iran doner - 2^u< q bu(bs (1g ^ for 

Tabl XII. 

TABLE XII 



TO 



75 



20 



Dual Curing of Polyurethane Precursors and 
Ethvlenically-Unsaturated Monomers 


Onlum 


Conditions 


Conversion to Poiymer 


Salt 










Acrylate 


Urethane 


Ph 2 f 
Ph 2 l* 
Ph 2 f 
None 
None 
None 


dark 

irradiation 

Irradiation, deoxygenated 
dark 

irradiation 

irradiation, deoxygenated 


79% 
76% 
0% 
24% 
trace 


4% 
56% 

8% 
11% 
75% 
10% 
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EXAMPLE 18 (comparitive) 

Tnis exampie demonstrates simultaneous curing of m T^^^ 
GelaSin times'wi.. not show that both monorrjr ^Tn ^presence' of each other, 
nuoiear magnetio resonance spectroscopy ^^^ZTltum of methyl acrylate/cyclohexene 
The experiment was carried out in the fo. M *™ of [C pFe(CO) 2 b or Mn 2 (CO),o or 
oxide was prepared. To a 10g sample of this mndu re ^ s aoaeo y mang anese dimmer_. or 

SiphenyiiocLum hexafluorophosphate ^^^^"jJS-i -d it was purged 
the specified amounts of both compounds. In a small v,a I was piaceo bulbs 
for 1 min before and continually <M"0«**£ J^^^lSy*, the NMR in CDC, was 
irradiation time was 2 minutes. ^^J^I ™ £. peak intensity of the polymer to 

sr- 5=5-jek rsrj * ™. « 

TABLE Xlll 



40 



45 



Percent Conversion to Polymer from nmk 
Study 3 


Curing Agent 


Epoxy 


Acrylate 


[CpFe(CO) 2 ]2 
tCpFe(CO) 2 ] 2 /iodonium 

iodonium 

Mn 2 (CO)io 

Mn 2 (CO)io/iodonium 


0 b 

35 

<5 

<0.5 

37 


18 
60 
<10 
<0.5 
47 



b None detected in the NMR. 



ra As can b seen from the NMR results, this system efficiency initiated both epoxy and free radical 
polymerization simultaneously. 
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EXAMPLE 19 (comparative) 



10 



15 



20 



25 



30 



This example demonstrates the ^^^T^^^™ " 
in a crosslinkable system. The curable moMan '^^^^2^ wi H produce a soluble 

as-sr. yr^r- ss = = ss r .ti- ^ ^ be 

'^monomers were d^ed before - = ^ «. ^^rS^ 
Sample preparations were carried out under J«£JJ^2JE 9 'yclohexene °* ide - De P endin9 
gamma*utyrlactone. 1.0 « «? Sfd^S«^ compound and/or 0.1 g 

on the test, added to this [® ^ « nortton of Ms composition was placed in a glass vial and 
diphenyliodonium hexafluor ophc* f^J^^^S^St an Ultraviolet Products lamp hoider 
irradiated between two 15 watt G ^^21^ for one minute preceeding and 

S«S=^=?- -51 ~ * — * 

was recorded, and is noted in Table XIV. 

Alternatively, these compositions can be cured thermally. 

TABLE XIV 



1 Simultaneous Photoinitiation of Free Radical and 
Eooxv Cure in a Crosslinkable System 


Compound 


Cure Time* 




No Onium 
Salt Added 


Onium Salt 
Added 


[CpFe(CO) 2 ] 2 
CpFe(CO) 2 SnPh 3 
CpFe(CO) 2 GePh 3 
[CpFe(CO) 2 ]2SnPh2 

Mn 2 (CO)io 

(CO)sMnSnPh 3 

[(COfcMnfcSnPte 

Re 2 (CO)io 

[CpMo(CO) 3 ] 2 b 

CpMo(CO) 3 SnPh 3 


>15 
>15 
>15 
>15 
>15 
>15 
>10 
>10 
| >15 
I >15 


1 

10 
15 
10 

1.5 
10 

4 

5 

1.5 

10 I 



40 



a time in minutes to produce insoluble cros*.n™u 
Diphenyliodonium hexafluorophosphate alone under these condibons a.a 
not produce a crosslinked system after 15 minutes, 
b Only 0.01 g of this compound was used. 



50 Claims 
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ethylenically-unsaturated monomer or polyurethane precursors ana saw 

""JS. oomposition according to Cairns 1 to 3 wherein said organometaiiic compound has the formuia. 



6 



TO 



L'LVM 



76 



20 



wherein x . u ™ ninrtrnns that can be the same or different ligand 

V represents none, or 1 to 12 ligands contnbutmg P 1 ^^ and groups and 

contributing 2 to 24 pi-electrons to the valence shell <** contributin g an even number of 

one sigma-electron each to the valence shell of each M; 

Ligands L\ L«. and I 3 can be bridging or non-brldglng «9«* fe f Perjodic Qroups ivb, 

^ ^oCsltion according to Cairns 1 to 4 wherein said onlum sale has the formula « 



AX II 

of Isocyanate groups to isocyanate-reactive hydrogen atoms is In the range 1.2 to 2.1. 
8 A process comprising the steps of: 

' a) providing a polymerizable composition effect polyme rization. 

3, 8 tzs^^^^^-^ ^ - po,ymerizab,e 

"T^^r^oSing to cum 9 which is an imageabie structure. 

It 51 pTymerizable composition according to claims 1 to 7 and 9 wh,ch has been cured. 
12. A shaped article according to claim 11. 
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